AI-2 is an autoinducer made by many bacteria. LsrB binds AI-2 in the periplasm, and Tsr is the L-serine chemoreceptor. We show that AI-2 strongly attracts Escherichia coli. Both LsrB and Tsr are necessary for sensing AI-2, but AI-2 uptake is not, suggesting that LsrB and Tsr interact directly in the periplasm.
Many functions in bacteria are regulated by population density, including formation of biofilms and production of virulence factors (5) . Assessment of population density, known as quorum sensing, relies on the ability of cells to determine the concentrations of compounds known as autoinducers (AIs). As the cell density increases, an AI accumulates to a concentration that triggers a quorum-sensing response. Autoinducers activate some genes and repress others. Induced genes typically include those responsible for production of the autoinducer, resulting in a positive feedback loop. Cell densities required to accumulate enough AI for good induction are 10 8 per ml or higher.
AIs are of two basic types: species specific and general (22) . Species-specific AI-1s are acyl homoserine lactones in Gramnegative bacteria and modified peptides in Gram-positive bacteria. Full induction of bioluminescence in the marine bacterium Vibrio harveyi, which colonizes dead organic matter, requires both a specific AI-1 inducer and a general autoinducer, called AI-2 (6) . AI-2 is derived from spontaneous cyclization of 4,5-dihydroxy-2,3-pentanedione (DPD). DPD is made from S-ribosylhomocysteine by the enzyme LuxS (25) . S-Ribosylhomocysteine is an intermediate in the breakdown of S-adenosylhomocysteine, the product remaining after methyl group donation by S-adenosylmethionine.
AI-2 is produced by a wide range of Gram-negative and Gram-positive bacteria and exists in multiple forms that are in equilibrium with each other (5) . The form that is active in V. harveyi is (2S,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran borate (S-THMF borate) (8) , which binds to the periplasmic protein LuxP. In S. enterica serovar Typhimurium, a boron-free isomer of AI-2 [(2R,4S)-2-methyl-2,3,3,4-tetrahydroxytetra-hydrofuran (R-THMF)] binds to the periplasmic LsrB protein (21) . LsrB is the recognition component of an ABC transporter for AI-2. LsrACD are the membrane-bound components of the ABC transporter for AI-2. AI-2 is generated by the enzyme LuxS, and the YdgG (TqsA) protein has been implicated in AI-2 export from the cytoplasm (14) .
AI-2 is a known chemoattractant for Escherichia coli (4, 10), but the receptor(s) involved in AI-2 sensing has not been identified. This work was initiated to characterize the proteins involved in AI-2 recognition by E. coli strain CV1, which is equivalent to the standard wild-type chemotaxis strain RP437. The strains used in this study are shown in Table 1 .
The microplug (Plug) assay (9), a modified plug-in-pond assay, provides a qualitative but highly visual representation of chemotaxis. Cells containing the green fluorescent protein (GFP)-encoding plasmid pCM18 were grown overnight at 32°C in tryptone broth (TB) (20) containing 150 g/ml erythromycin. Cells were back-diluted to a turbidity of 0.05 at 600 nm in 25 ml of TB lacking erythromycin and then grown to mid-logarithmic phase (turbidity of 0.5 at 600 nm) at 32°C. Cells were examined by phase-contrast microscopy to ensure robust motility and normal run-tumble swimming behavior. The cells were harvested by low-speed centrifugation at 400 ϫ g for 5 min, gently washed twice with chemotaxis buffer (CB; phosphate-buffered saline, 0.1 mM EDTA, 0.01 mM L-methionine, and 10 mM D,L-lactate) and then gently resuspended in 2 ml of CB. These cells were again examined under the microscope to ensure robust motility and normal run-tumble swimming behavior. Cells were mixed with an approximately equal number of TG1 cells expressing red fluorescent protein (RFP) from plasmid pDS-Red Express that had been killed by a 1-h treatment with 1 mg/ml kanamycin. The dead RFP-containing cells served as a control to visualize any mixing due to turbulence within the microfluidic chamber.
The responses of E. coli strain CV1 and its isogenic tsr and lsrB mutant derivatives are shown in Fig. 1 . In the absence of AI-2 in the plug, CV1 cells distributed themselves randomly (Fig. 1A) . However, when CV1 cells were exposed to plugs containing 200 M L-serine or 200 M AI-2, they exhibited strong attractant responses, shown by the accumulation of bacteria at the agarose plug-liquid interface (Fig. 1B and C) . Strain CV5 (CV1 ⌬tsr), which lacks the L-serine receptor Tsr, did not respond to L-serine ( Fig. 1D ) and gave a severely attenuated response to AI-2 (Fig. 1E ). Strain CV12 (CV1 ⌬tar-tap ⌬trg), which has Tsr as its only functional receptor (other than Aer), responded to both L-serine and AI-2 (data not shown), although the accumulation was somewhat decreased relative to that of strain CV1. Thus, Tsr is both necessary and sufficient for good AI-2 chemotaxis in E. coli K-12, although there may be a small residual response in cells lacking Tsr.
Because AI-2 is known to bind to the periplasmic protein LsrB, we also looked at the responses of MJ101 (CV1 (10, 19) ; the distribution of dead, RFP-labeled cells is not shown, but it was always uniform except when the dead cells were displaced around the plug by accumulating GFP-labeled motile cells. plasmid pCA24N-P T5-lac ::lsrB, which encodes wild-type E. coli LsrB, accumulated around AI-2-containing plugs about as well as MJ102 cells (data not shown) when 1 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG) was added to induce LsrB synthesis.
To quantify the response to AI-2 and to compare it to the response to L-serine, we performed capillary assays (1). As expected from the Plug assay results, CV1 and CV12 cells accumulated in capillaries containing either L-serine or AI-2 ( Fig. 2A) , with the CV1 strain giving a stronger response, whereas CV5 (⌬tsr) cells did not accumulate in capillaries containing either compound. MJ101 cells (lsrB⍀Kan r ) responded to L-serine but not to AI-2, whereas MJ102 cells (lsrC⍀Kan r ) responded to both (Fig. 2B) . Thus, the conclusions from the Plug assay were confirmed.
By plotting the data from the capillary assay on a log-log plot, we could extrapolate a threshold concentration for both compounds in each strain (19) . With L-serine, the extrapolated detection thresholds for strains CV1, CV12, and MJ101 were all in the range of 2 ϫ 10 Ϫ12 to 4 ϫ 10 Ϫ12 M (Fig. 2C ). The result was quite different with AI-2, because strains CV1 and CV12 had extrapolated detection thresholds of ϳ5 ϫ 10 Ϫ12 and 2 ϫ 10 Ϫ11 M, respectively, but the extrapolated detection threshold for the LsrC Ϫ strain MJ102 was at least 100-fold lower, ϳ2 ϫ 10 Ϫ14 M (Fig. 2D) . This is the expected result if the periplasmic AI-2 concentration in MJ102 cells is higher than in CV1 cells, because in the latter strain AI-2 is cleared from the periplasm by transport into the cell. The same phenomenon has been seen with cells containing maltose-binding protein in the absence of a functional maltose transport system (29) .
To test the relative sensitivity of cells to L-serine and AI-2 in an independent assay, we employed the Flow device (9, 10). The gradients were created in two ways. In the first scenario, a linear gradient was generated across the 1,050-m width of the microfluidic observation chamber by utilizing two input channels, delivering 0 and 200 M chemoeffector. In the second scenario, a nonlinear gradient was generated by using five input channels to deliver 0, 0, 2, 20, and 200 M chemoeffector. The concentration at the entry point for the cells was 100 M in the linear gradient and 2 M in the nonlinear gradient, and the cells were preequilibrated with these concentrations prior to their introduction into the observation chamber. The distribution profiles of fluorescently labeled CV1 cells in Lserine and AI-2 are shown in Fig. 3 . For each set of conditions, the chemotaxis migration coefficients (CMC values) (10, 18) were calculated (Fig. 3) . Basically, the CMC value represents the difference in the total number of cells migrating in the up-gradient direction minus the total number of cells migrating in the down-gradient direction, with the cell values weighted by the fractional distance they moved toward a boundary. Thus, cells migrating all the way to the right or left walls of the chamber received a weighting factor of 1 or Ϫ1, respectively, cells migrating halfway to the right or left walls received weighting factors of 0.5 or Ϫ0.5, and so forth. CV1 cells responded to nonlinear and linear gradients of AI-2 ( Fig. 3D and F) with similar CMC values (0.24 and 0.25), but they responded significantly only to the nonlinear gradient of L-serine, in which the gradient is very steep at the point at which the cells enter the chamber (compare Fig. 3C and E) . Even in the nonlinear gradient, the CMC value for L-serine was only 0.13, about 50% that of the CMC value for AI-2. These results are consistent with the idea that chemotaxis to AI-2 is more sensitive at higher chemoeffector concentrations than is chemotaxis to L-serine.
We also tested the MJ102/pCA24N-P T5-lac ::lsrB strain in a nonlinear AI-2 gradient in the Flow device. It gave a CMC value of 0.18, which was lower than the value for CV1 cells in nonlinear AI-2 gradients but higher than that for CV1 cells in nonlinear gradients of L-serine. At present, we have no way of measuring periplasmic levels of LsrB, but the somewhat-attenuated response of MJ102/pCA24N-P T5-lac ::lsrB cells relative to wild-type cells could reflect nonphysiological levels of LsrB in the complemented strain.
Preliminary evidence from Plug assays (M. Hegde, unpublished data) suggests that the pathogenic S. Typhimurium strain 14028 also responds to AI-2 as an attractant and uses Tsr and LsrB to mediate that response. It may well be that many motile bacteria that produce the Tsr and LsrB proteins share the ability to perform chemotaxis to AI-2.
The reason why LsrB is essential for chemotaxis to AI-2 is not known. The role of LsrB in chemotaxis does not seem to be for transport of AI-2 into the cytoplasm, because strain MJ102, which carries the lsrC⍀Kan r mutation, is defective for AI-2 transport (27) but is still able to carry out AI-2 chemotaxis. By analogy with other binding protein-dependent chemoreceptor systems, such as those for maltose-binding protein (MBP) and Tar (29) , it may be that AI-2-bound LsrB assumes a conformation that enables it to interact with Tsr directly in the periplasm. Similar interactions have been postulated for the involvement of galactose-binding protein (13) and ribose-binding protein (2) with Trg in taxis to these two sugars and for dipeptide-binding protein with Tap (17) . Tsr is the only one of the four canonical chemoreceptors of E. coli not known to interact with a substrate-binding protein. It may be on the verge of losing that unique status.
The typical paradigm for indirectly binding chemoreceptors is that the ligands have a micromolar K D (equilibrium dissociation constant) for the periplasmic binding protein, and the ligand-bound binding protein has a low affinity for its chemoreceptor partner, estimated at about 200 M for MBP and Tar (29) . The K D for AI-2 binding to LsrB has been reported as ϳ160 M (30), which is at least 100-fold higher than the K D of MBP for maltose. We do not know the levels of LsrB in the periplasm of cells grown under various conditions, but they may be significantly lower than for other binding proteins, which typically far outnumber their cognate membrane-bound transport systems and chemoreceptors. Thus, the binding affinities of AI-2 for LsrB and of AI-2-bound LsrB for Tsr could be very different than for other known indirectly binding chemoreceptors.
AI-2, unlike other known attractants for E. coli, does not serve as food for bacteria (28) but is an intraspecific and interspecific signal of cell density. Therefore, chemotaxis to AI-2 may not have the rather narrow dose-response range that is characteristic of most indirectly binding chemoattractants (23) . For nutrients, migration to concentrations higher than those needed for the maximum rate of uptake has no selective value. Given that AI-2 is produced by many different species of biofilm-forming bacteria (5), it may be that chemotaxis to AI-2 serves to recruit free-swimming, planktonic bacteria to biofilms (11) . If so, there is no obvious reason why the response to AI-2 should saturate; the selective pressure may be to swim as close as possible to a source of AI-2. We are currently characterizing the molecular mechanism of AI-2 chemotaxis in order to understand how it has evolved to match the ecological context in which AI-2 chemotaxis occurs.
